INTRODUCTION
============

Yttria-partially stabilized tetragonal zirconia polycrystal (Y-TZP) is frequently referred to as zirconia. Zirconia-based crowns and prostheses have been used as an alternative to porcelain-fused-to-metal restorations due to the absence of the metal and the white color.[@B1] Metal-free dental restorations made of zirconia are one of the most attractive treatments for extensively compromised teeth also because of zirconia\'s biocompatibility and high mechanical properties.[@B2][@B3] However, zirconia\'s opacity still demands the coping to be veneered with porcelain in cases with high esthetic demand, therefore resulting in a bilayer restoration. One of the most common clinical failures found in veneered zirconia (bilayer) restorations is the cohesive fracture within the veneering porcelain.[@B4] An alternative way to avoid veneer fracture is to exclude the veneering material and to manufacture monolithic full contour Y-TZP crowns,[@B5][@B6] by milling blocks with different levels of translucency.[@B7] The milling of monolithic crowns has other advantages such as reduced manufacturing time and improved cost-effectiveness. Instead of building up the porcelain in several layers and firing in multiple firing cycles, the esthetics of monolithic restorations can be improved by using some staining techniques.[@B8] Optimized surface finishing is achieved through glazing or polishing,[@B9] but glazing seems to result in a smoother surface.[@B10]

Monolithic zirconia restorations have been gaining popularity as opposed to the use of bilayer restorations due to their mechanical predictability combined with improved esthetic properties.[@B11][@B12] Nevertheless, the high hardness and wear resistance of zirconia[@B13] may cause wear on opposing natural dentition[@B14] and indirect restorative materials,[@B15] especially when the restoration\'s surface is not perfectly smooth.[@B16] A correlation between surface roughness and wear has been demonstrated.[@B17] Under clinical conditions, monolithic zirconia crowns seem to cause more wear to the opposing enamel than the human enamel itself.[@B18] This is even more problematic when occlusal adjustments of monolithic zirconia crowns are required after installation of the prosthesis, since grinding with a diamond bur is known to significantly increase the surface roughness of ceramics[@B19] and wear of the antagonist surface.[@B20] Inadequate surface polishing is known to result in cracks that are densely distributed throughout the surface and that may compromise the mechanical performance of not only zirconia[@B21] but also other glass ceramics.[@B22] Nonetheless, there is no standard method for polishing monolithic zirconia crowns yet.[@B23]

The data currently available on wear and roughness of Y-TZP based restorations is not conclusive. The application of low number of cycles and[@B14][@B24][@B25] low loading forces,[@B16][@B26] or the use of different wear simulation devices[@B27] may lead to false predictions, indicating that zirconia is a "wear-friendly" material[@B28] when the conditions employed do not actually represent the *in vivo* conditions. Lack of correlation between number of cycles and time of clinical use may also make the interpretation difficult.[@B6] The use of clinically relevant scenarios for the analysis of failure[@B29] and wear[@B30][@B31] and the selection of the ideal counter sample material[@B32] has been strongly advocated. Therefore, the aim of this study is to evaluate the roughness on Y-TZP surface submitted to different grinding/polishing protocols before and after chewing simulation and the consequent wear of the opposing artificial enamel. The hypothesis of this study is that surface condition has an effect on the roughness of zirconia and, as a consequence, that surface condition has an effect on wear of opposing artificial enamel.

MATERIALS AND METHODS
=====================

Y-TZP computer-aided-design/computer-aided-machining (CAD/CAM) blocks (BruxZir - Lot \#B 0633325, expiry date 10/2017 - Glidewell Laboratories, Newport Beach, CA, USA; Lava Plus - Lot \#520217, expiry date 9/2016 - 3M/ESPE, Seefeld, Germany) were cut in the pre-sintered stage with a diamond-embedded blade (Buehler - Series 15LC Diamond, Buehler, Lake Bluff, IL, USA) under water cooling to obtain 25 slices (6 × 6 × 2.0 mm^3^) from each material. The specimens were sintered following the manufacturers\' instructions and then were randomly distributed among the experimental groups (n = 5) by blinded selection. The number of samples was defined by a power analysis, which indicated that n = 4 would be the minimum ideal number to identify the effect of treatment in a study design of five experimental groups per material.

Surface treatments were applied according to the experimental group as follows:

\- Control polished zirconia (CPZ): specimens were polished using a dental laboratory technique according to instructions from the zirconia\'s manufacturers. Polishing was performed with an extraoral polishing kit (K0238 Dialite ZR Extra-Oral Zirconia Polishing System, Brasseler USA Dental, Savannah, GA, USA), which was composed of epoxy-based diamond impregnated polishers. The sequential polishing was performed as follows: prepolishing with a medium grit disc-shaped tip (⅒ mm × 2 mm - H8MZR.HP, Brasseler USA Dental) applying regular manual pressure in a parallel direction until the entire surface presented similar surface finishing; then, final polishing was performed by using the fine grit disc-shaped tip (H8FZR.HP, Brasseler USA Dental) with increased manual pressure in a parallel direction until a smooth or glossy surface could be observed by visual inspection. The same polishing procedure was applied to samples from groups GRZ and RPZ as the initial treatment.- Ground zirconia (GRZ): polished zirconia specimens were subsequently ground with a diamond bur (837LF FG 014, 27 - 76 µm, Meisinger, Centennial, CO, USA) under water cooling. Grinding was applied to the surface of zirconia in a parallel direction for 10 seconds (two strokes, 5 seconds each). The same grinding procedure was applied to samples in RPZ group.- Repolished zirconia (RPZ): zirconia specimens, polished and ground as described above, were subsequently repolished using an intraoral polishing system (eZr intraoral Adjustment Finishing & Polishing System, Garrison Dental Solutions, Spring Lake, MI, USA), which is a diamond-based polishing system with medium and fine grits indicated for repolishing. The procedure was performed as follows: a medium grit flame-shaped tip (4 mm × 10 mm) (FPZM020, Garrison Dental Solutions) in a high-speed handpiece was applied in a parallel direction and under regular manual pressure to the entire zirconia surface; final high-gloss polishing was performed by using the fine grit flame-shaped tip with increased manual pressure in a parallel direction until a smooth surface could be observed by visual inspection.- Glazed zirconia (GZ): sintered unpolished zirconia slices were glazed with the Zenostar glaze system (Ivoclar Vivadent Inc., Amherst, NY, USA) and fired according to the manufacturer\'s instructions.- Porcelain veneered zirconia (PVZ): sintered unpolished zirconia slices were veneered using the powder build-up technique with IPS e.max Ceram veneer material (Ivoclar Vivadent Inc.) following the manufacturer\'s instructions.

The specimens were cleaned (isopropanol solution in ultrasonic bath), air-dried, and stored in deionized water (\~22℃) until analyses were performed.

Initial roughness of the specimens (before chewing simulation - CS) was assessed using a contact surface profilometer (Alpha-Step D-600, KLA Tencor Corp., Milpitas, CA, USA) with a dedicated software (KLA Tencor Apex 3D Mountains, KLA Tencor Corp.). An area of 2 × 2 mm^2^ on the center of each specimen was analyzed to determine mean roughness[@B33] (Ra in µm). After CS specimens were cleaned ultrasonically, and the area that presented visible signs of abrasion was analyzed again using the same profilometer. Data was analyzed by three-way ANOVA and Tukey Honest Significance Difference (HSD) and an overall significance of 5% was pre-set.

Occlusal wear was artificially induced in a chewing simulator (CS-4.4, SD Mechatronik GMBH, Feldkirchen-Westerham, Germany). The bottom of the zirconia specimens was embedded in polymethylmethacrylate (PMMA) and inserted into metallic rings connected to the base of the equipment. The chewing simulation compartments were filled with artificial saliva[@B34] at 37℃. Spherical steatite indenters (6 mm diameter - SD Mechatronik GMBH) were placed in the upper arm of the chewing simulator to simulate the antagonist tooth, and 80 N load was applied (60 mm/sec in a 2 mm horizontal motion).[@B35] Four specimens were cycled simultaneously and 500,000 cycles were performed. The specimens were cleaned (isopropanol solution in ultrasonic bath) and air-dried, and roughness and wear were analyzed.

For analysis of wear, one baseline steatite indenter was scanned using the surface contact profilometer previously mentioned (Alpha-Step D-600, KLA Tencor Corp.) with the dedicated software (KLA Tencor Apex 3D Mountains) to register the baseline dimensions of the antagonists. Following chewing simulation, the worn steatite indenters were scanned and the diameter and height of the worn surfaces were obtained for the calculation of volumetric loss (in mm^3^).[@B36] Wear data was analyzed by two-way ANOVA and Tukey Honest Significance Difference (HSD) and an overall significance of 5% was pre-set.

One zirconia substrate and steatite indenter from each experimental group were cleaned in acetone in an ultrasonic bath, and mounted on stubs with carbon adhesive tape and colloidal silver paint. The specimens were gold sputtered and observed under Scanning Electron Microscopy (SEM) (JEOL-SEM 6400, Peabody, MA, USA) with high vacuum mode under different magnifications.

RESULTS
=======

Three-way ANOVA showed no effect of zirconia brand on surface roughness (*P* = .216) and volume loss of the opposing steatite (*P* = .064). Chewing simulation (*P* \< .001) and the interaction between chewing simulation and surface condition (*P* \< .001) had significant effect on roughness. Therefore, due to the interaction effect, roughness data was compiled regardless of the material brand and results were analyzed by a Tukey HSD test ([Table 1](#T1){ref-type="table"}). Porcelain veneered (15.22 µm ± 2.9) and glazed (13.54 µm ± 3.11) samples presented significantly higher roughness after chewing simulation when compared to the initial values (PVZ -13.43 µm ± 3.64; GZ - 3.7 µm ± 1.8). Before chewing simulation, the lowest roughness was presented by the control samples (1.3 µm ± 0.51), which was similar to the repolished samples (3.37 µm ± 1.63). After chewing simulation, ground (4.02 µm ± 2.20), repolished (4.14 µm ± 1.85), and control (1.43 µm ± 0.41) samples presented similar roughness values, which were significantly lower than porcelain veneered and glazed samples.

There was an effect of surface condition on the volume loss of the opposing steatite (*P* = .025) after chewing simulation ([Fig. 1](#F1){ref-type="fig"}). However, ANOVA showed no effect of material on wear (*P* = .064). Samples abraded against the control group (0.09 mm^3^ ± 0.03) presented significantly higher volume loss than samples abraded against glazed (0.02 mm^3^ ± 0.01) and porcelain veneered (0.02 mm^3^ ± 0.01) zirconia. Intermediate values were presented by samples abraded against ground (0.07 mm^3^ ± 0.02) and repolished (0.06 mm^3^ ± 0.02) zirconia.

Surface characterization by SEM showed Y-TZP abraded areas that were not always compatible with the results provided by the surface profilometry. Ground ([Fig. 2B](#F2){ref-type="fig"}) and repolished ([Fig. 2C](#F2){ref-type="fig"}) zirconia presented smoother surface topography under the abraded area, whilst a significantly higher roughness could be found for the glazed samples ([Fig. 2D](#F2){ref-type="fig"}). [Figure 3](#F3){ref-type="fig"} illustrates the level of damage to the structure of porcelain ([Fig. 3A](#F3){ref-type="fig"}) and glaze ([Fig. 3B](#F3){ref-type="fig"}) materials caused by chewing simulation. For the wear of the steatite, worn areas were more pronounced for samples abraded against control ([Fig. 4B](#F4){ref-type="fig"}), ground ([Fig. 4C](#F4){ref-type="fig"}), and repolished ([Fig. 4D](#F4){ref-type="fig"}) zirconia. Glazed and porcelain veneered groups caused the least volume loss to the opposing enamel, and these findings were corroborated by the SEM findings, which show a significantly smaller abrasion area for steatite abraded against glazed ([Fig. 4E](#F4){ref-type="fig"}) and porcelain veneered ([Fig. 4F](#F4){ref-type="fig"}) zirconia. The SEM of the opposing surfaces ([Fig. 2D and 2E](#F2){ref-type="fig"} respectively), however, showed that the material applied on zirconia was partially removed by the abrasion against the steatite.

DISCUSSION
==========

The results of analysis of variance (ANOVA) showed that there was no significant effect of zirconia brand either on surface roughness (*P* = .216) or on the opposing steatite volume loss (*P* = .064), which can be explained by the similarities in the chemical composition and mechanical properties between the two brands.[@B3] Irrespective of grain size, Y-TZP materials with similar chemical composition present similar surface hardness.[@B7] A significant factor for the mechanical properties of zirconia is their level of translucency, due to the chemical changes needed to improve light transmission,[@B37] but the materials used in the current study were both of medium opacity, indicating similar optical, surface and mechanical properties between them.

Occlusal adjustment of the zirconia surface is required in most cases after installation of the prosthesis, and this can result in a rougher surface and/or removal of the glaze layer. The resulting roughness may be reduced depending on the type of material and the technique applied for polishing,[@B21][@B23] but no standard method has been defined for polishing monolithic zirconia restorations.[@B23] In the case of glazed surfaces, previous researchers recommended reglazing the restoration after clinical adjustments due to the easy removal of this layer.[@B38] In the current study, a combination of a clinically significant surface treatment and chewing simulation was observed. Before chewing simulation, the highest surface roughness was presented by the porcelain veneered specimens, which was significantly higher than all of the other four groups (*P* \< .0001). Therefore, the first hypothesis, which stated that surface condition has an effect on the roughness of zirconia, is accepted. The porcelain veneered surface did not receive a glaze layer or any additional surface treatment ([Fig. 2E](#F2){ref-type="fig"}) to avoid having the same surface material among groups. We also aimed at investigating the effect of the porcelain on the opposing enamel. The veneering material used in this study is a fluorapatite veneering ceramic that is composed of glass powder, fused silica dioxide (SiO~2~) (60%) and alumina trioxide (Al~2~O~3~) (40%) crystals (IPS e.max Ceram, 2005).[@B39] The presence of small particles like nano-fluorapatite (300 to 500 nm) extruding from the glassy matrix led to greater roughness in comparison to the glazed group, since the latter is basically a glass matrix with no fillers.[@B6] Therefore, the veneer layer investigated in this study was overall rougher than in the clinical scenario, in which it would be covered with a glaze layer. The smoothness of the glazed surface was confirmed by the similar roughness values between glazed zirconia and polished (control) zirconia before CS, and this finding is in agreement with previous studies.[@B10] After the application of chewing simulation, the surface roughness of the glazed zirconia specimens presented values that were similar to the porcelain veneered specimens, and the values were significantly higher (*P* \< .0001) than the control, repolished, and ground specimens. This increase in surface roughness was due to the removal of the most superficial and smooth surface, which exposed the inner structure of the glaze layer, with voids, bubbles, and irregularities ([Fig. 2D](#F2){ref-type="fig"}). [Figure 3B](#F3){ref-type="fig"} shows evidence of voids and bubbles spread throughout the glaze layer, keeping roughness values at high levels for the lifetime of the restoration or until the glaze material is completely removed. A clinical study has previously shown that the glaze layer can be removed within the first six months after the installation of the restoration.[@B22]

The similar roughness values between ground and repolished groups were possibly due to the simplicity of the polishing procedure in the *in vitro* condition. The specimens were flat and fully accessible, and the operator could control the pressure applied. An intraoral occlusal adjustment may show different results, due to all the limitations associated with an *in vivo* procedure. Therefore, one should not assume that the intraoral polishing would be able to generate a level of surface polishing similar to the polishing provided by this study when occlusal adjustments are performed in the clinical scenario.

For a more comprehensive analysis, comparison of the roughness values before and after the application of chewing simulation for the ground and repolished groups can be combined with the SEM images of the surfaces ([Fig. 2B and 2C](#F2){ref-type="fig"}, respectively). Different from the similar roughness values ([Table 1](#T1){ref-type="table"}), SEM indicated the smoothening of the abraded area after chewing simulation for both ground and repolished specimens. These conflicting results are a consequence of the limitations of the surface profilometry technique: it scanned a pre-set area of 2 × 2 mm^2^ instead of remaining within the boundaries of the abraded area, which was of approximately 1 mm^2^. Therefore, the roughness reading incorporated both abraded and non-abraded areas. Only a technique sensitive enough to particularly scan the abraded surface would be able to characterize changes in surface topography of this magnitude. In the absence of such technique, it is recommended to combine quantitative analyses with the qualitative assessment of the surface through higher magnification imaging techniques.

The volumetric loss measurement is considered the most effective way to assess wear of the opposing surface.[@B30][@B31] In the present study, ANOVA showed a significant effect of surface condition on the wear of the steatite (*P* = .025). Also, the wear of the steatite was rather affected by the surface material - zirconia, glaze or porcelain - than by the surface finishing technique - grinding or polishing ([Fig. 1](#F1){ref-type="fig"}). Therefore, the second hypothesis, which stated that surface condition has an effect on wear of opposing artificial enamel is accepted. Interestingly, the wear values obtained were in agreement with the micrographs of the steatite obtained after chewing simulation ([Fig. 4](#F4){ref-type="fig"}). The highest volume loss was caused by the control (polished) zirconia specimens ([Fig. 4B](#F4){ref-type="fig"}), which was similar to ground ([Fig. 4C](#F4){ref-type="fig"}) and repolished ([Fig. 4C](#F4){ref-type="fig"}) specimens, but significantly higher than the wear caused by glazed ([Fig. 2E](#F2){ref-type="fig"}) and porcelain veneered ([Fig. 3E](#F3){ref-type="fig"}) specimens (*P* = .008). These results are in agreement with a previous study that reported higher wear of stainless steel indenters abraded against polished zirconia as opposed to those abraded against glazed zirconia.[@B2] However, zirconia has been considered "wear-friendly" due to significantly lower human enamel wear[@B26] and glass-ceramic antagonists[@B25] when their surfaces are abraded against zirconia in comparison to glazed and porcelain-veneer materials. These contradictory results may be explained by the methods employed in other studies. While Janyavula et al.[@B26] used only 10 N to simulate masticatory forces and a mix of glycerin/distilled water for humidifying the surfaces, the present study used a considerably higher load (80 N) and artificial saliva to simulate the oral environment. The 80 N load was applied because, based on previous studies, this is considered a high masticatory load that is still within the daily average for an adult without parafunctional habits.[@B40] It is possible that the higher loading forces between zirconia and steatite increased the damaging effect of the significantly harder zirconia on the artificial enamel substrate.[@B13][@B41] This, combined with the absence of glycerin to act as a lubricating agent during the chewing cycles, may have maximized the wear caused by zirconia. Therefore, the present study indicates that the use of zirconia as a monolithic material under clinically relevant masticatory conditions may maximize the wear of the antagonist tooth.

The impact of the zirconia polishing technique on zirconia roughness and wear of opposing surface has been demonstrated.[@B9][@B15][@B20][@B26][@B28] Nonetheless, the current study showed absence of effect of zirconia surface finishing technique on the volume loss of artificial enamel, in agreement with Preis et al.[@B19][@B20] Interestingly, hardness had a more significant effect than the roughness of the opposing substrate on the wear dynamics between zirconia and artificial enamel. The lower surface hardness of both veneering porcelain and glaze, when compared to the zirconia substrate and to the steatite, implied that glazed ([Fig. 2D](#F2){ref-type="fig"}) and veneered ([Fig. 2E](#F2){ref-type="fig"}) zirconia presented larger wear facets than the other zirconia samples.[@B17][@B32] It is possible that longer chewing cycles (e.g. 2 × 10^6^ cycles) would result in the total removal of the surface material (glaze or porcelain), with exposure of the underneath unpolished zirconia, which might have an impact on the dynamic wear process of the opposing enamel, but this hypothesis is far beyond the scope of the current study.

The metastability of Y-TZP tetragonal grains in mouth or room temperature is well known by researchers and clinicians.[@B42] Yttria-doped zirconia maintains its high mechanical properties at low temperatures by stabilizing the tetragonal crystals upon cooling.[@B2] However, some factors may trigger the return of the tetragonal crystals to their natural monoclinic state,[@B43] challenging the longevity of Y-TZP devices. The application of 1 million masticatory cycles (vertical and horizontal loading) on the surface of some Y-TZP-based materials has caused significant changes in the materials\' mechanical properties in the nanoscale.[@B43] Atomic force microscopy was also able to show changes in surface morphology after mastication against stainless steel indenters.[@B43] We hypothesize that any surface changes as a consequence of phase transformation in the current study would be overshadowed by the macro-morphological changes caused by the abrasion during the wear simulation. Analysis of the cross-section of samples also did not indicate the existence of a micro-cracked layer ([Fig. 3C](#F3){ref-type="fig"}), which would be a consequence of crystalline re-arrangements after tetragonal-tomonoclinic phase transformation.

The information currently available in the literature on zirconia roughness and subsequent tooth wear is generally associated with either low number of cycles[@B9][@B14][@B24] or low loading.[@B9][@B16][@B26] Therefore, it fails to predict the performance of zirconia-based prostheses in the long-term. 500,000 cycles were applied in the current study, corresponding to two to five years of clinical service[@B27][@B29] which can be considered more representative of the long-term performance of the material in the oral environment. However, this study still presents limitations. Due to the nature of an *in vitro* design, variables such as temperature and pH cycles, often present in a clinical scenario, could not be simulated. Additionally, this study employed artificial enamel indenters instead of human enamel cusps in an attempt to minimize anatomic variability, which could have an impact on the measurement of wear. Further studies of the interaction between zirconia-based prostheses and human enamel are encouraged so that the effect of one surface on another can be realistically estimated.

CONCLUSION
==========

Within the limitations of this *in vitro* study, we concluded that materials with similar composition presented similar roughness values and showed similar degree of wear of opposing artificial enamel after chewing simulation. The surface finishing technique has a significant effect on roughness of monolithic zirconia, even though it does not affect the wear of opposing artificial enamel. The material applied on zirconia surface affects the wear of opposing artificial enamel when compared to polished zirconia, and the interaction of surface condition and chewing simulation affects the roughness of zirconia.
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![Bar chart illustrating opposing steatite wear (mm^3^) abraded against Y-TZP surface with different surface finishing conditions. Different lowercase letters above the bars indicate significant difference (*P* = .25).](jap-11-162-g001){#F1}

![SEM micrographs overview of the surface after chewing simulation: (A) polished zirconia; (B) ground zirconia; (C) repolished zirconia; (D) glazed zirconia; (E) porcelain veneered zirconia. (B) and (C) show a smoother condition within the abraded surface.](jap-11-162-g002){#F2}

![SEM micrographs of cross-sections of (A) porcelain veneered zirconia; (B) glazed zirconia; (C) ground zirconia. All images were taken after chewing simulation. Control and repolished samples presented a smooth surface similar to (C) ground zirconia.](jap-11-162-g003){#F3}

![SEM micrographs for the steatite indenters: (A) baseline; (B) abraded against the control zirconia; (C) abraded against ground zirconia; (D) abraded against repolished zirconia; (E) abraded against glazed zirconia; (F) abraded against porcelain veneered zirconia. Larger abrasion areas are shown in (B), (C), and (D).](jap-11-162-g004){#F4}

###### Mean, standard deviation (SD) and Tukey HSD test results^\*^ for zirconia surface roughness (µm) before and after chewing simulation (CS)

![](jap-11-162-i001)

  Treatment            Roughness           
  -------------------- ------------------- -------------------
  Porcelain veneered   13 43 (3.64) ^Aa^   15.22 (2.90) ^Aa^
  Ground               4.04 (1.64) ^Bb^    4.02 (2.20) ^Bb^
  Glazed               3.70 (1.80) ^Bbc^   13.54 (3.11) ^Aa^
  Repolished           3.37 (1.63) ^Bbc^   4.14 (1.85) ^Bb^
  Control              1.30 (0.51) ^Bc^    1.43 (0.41) ^Bb^

^\*^Dissimilar lowercase letters within the same column and uppercase letters within the same row indicate significant difference (*P* \< .01).
